Introduction
The damage caused by microbes on man-made structures is vogue. The most affected industries are food, power, oil & natural gas, chemical, wastewater treatment, desalination and shipping. It is reported that when a fresh material contacts with a non-sterile aquatic environment, bacterial attachment occurs leading to biofilm formation. 1) In a natural aquatic environment, the biofilm attains a few tens of micron thickness within a short period of time. Biofilms are reported to reduce the heat transfer efficiency of heat exchangers 2) and lead to bacterial infections. Biofilm growth on human implants leads to serious health disorders.
On the surfaces of industrial components, the biofilm formation also results in an alarming process of material destruction called the microbiologically influenced corrosion (MIC). The intricacies involved in the MIC depend on the bacterial species involved. Thus, the mechanisms of MIC vary widely. The primary step of MIC is the attachment of microorganisms on the substratum surface. Bacterial colonization changes the surface chemistry of the substratum by virtue of its metabolic byproducts. Therefore, the best way to tackle this mammoth problem is to check their colonization. Some of the common antifouling techniques employed are coatings laden with toxic chemical compounds containing elements such as Cu, Zn or organometalic compounds or applying oxidizing or nonoxidizing biocides 3) The environmental hazards originated by the use of the above methods thus necessitated the requirement of environmentally benign antifouling methods. Some of the strategies those worth mentioning here are the use of biodegradable or biologically originated biocides, 4, 5) ISIJ International, Vol. 43 (2003) (Received on March 10, 2003 ; accepted in final form on May 21, 2003 ) Biofouling and microbiologically influenced corrosion (MIC) are alarming processes of material deterioration. The scenario originates from the attachment of microorganisms as quickly as a material is immersed in a non-sterile environment. Stainless steels, in spite of their wide use in different industries and as appliances and implant materials, do not possess inherent antibacterial properties. To make stainless steel antibacterial and thus to mitigate MIC and bacterial infection was the purpose of this study. AISI type 304 stainless steels containing silver as an alloying element and silver coated are tested for the antibacterial efficacy as well as MIC resistance keeping plain stainless steel as control. Experimental coupons were exposed to a dilute nutrient medium containing Pseudomonas sp., isolated from a corrosive ground water environment. Coupons were exposed for varying duration (maximum 6 days), and bacterial adhesion was monitored by using epifluorescence microscope and quantified with the help of image processing software. In another experiment, free corrosion potential of these materials was monitored for 60 days. The area of bacterial adhesion was found to be significantly lesser in case of silver containing coupons compared to control. Silver alloyed coupons showed better antibacterial effect than the silver-coated coupons. Free corrosion potential showed ennoblement in the case of control coupons, while silver alloyed and silver coated coupons showed substantially lesser fluctuation. SEM observation showed pitting corrosion by 30 days in control coupons, whilst, pits were near nil on silver alloyed and very less on silver coated coupons. The results, thus suggest that silver containing stainless steels possess antibacterial properties and are resistant to MIC as compared to 304 SS. Furthermore, a field study, where the coupons were exposed to a freshwater pond showed that coupons containing silver possessed significant resistance to microfouling build-up until a period of 30 days, suggesting the possibility of using these materials in freshwater environments where microfouling is a persistent problem. As an attempt to investigate the actual damage the silver caused in the bacterium, cell walls and intracellular changes were observed under a transmission electron microscope (TEM).
electrochemical techniques [6] [7] [8] physical techniques such as hot water backwash, 3) and laser irradiation of water samples. [9] [10] [11] Stainless steel is the most widely used material in industries. Stainless steels, inherently do not posses antibacterial property. Even though there are a lot of non-metallic antibacterial materials available in the market, attempts to make metals antibacterial are scarce. This makes studies on antibacterial metals unique. The reports limit to the one by Nakamura et al. 12) about the Cu bearing and Yokota et al. 13) of Ag bearing stainless steels exhibiting antibacterial properties. In order to attain hygiene and cleanliness and thus to prevent microbial infections, particularly in food industries and hospitals, the application of antibacterial agents is crucial. Silver is known as an antibacterial agent and has a history nearly as old as mankind in its use as a way to combat microbial infections. 14) Silver is non-toxic to human body and thus used as a water purifier in swimming pools and space shuttles. 15) This makes silver an ideal antibacterial agent. Therefore, in the present study, AISI type 304 stainless steels containing silver were prepared and evaluated for their antibacterial property with the help of laboratory and field experiments. The results with their future prospects as antibacterial materials are described and discussed.
Materials and Methods
Materials: Three types of materials were used for the present study. They were AISI type 304 stainless steel, silver alloyed (514) stainless steel and silver coated (BC) AISI type 304 stainless steel. While the latter two were stainless steels with antibacterial property, the former was considered as the control. The chemical composition of the materials is given in Table 1 .
Experimental Procedure. Laboratory Studies
Preparation of Experimental Coupons: The materials were machined into 25ϫ10 mm coupons of 1 mm thickness. The coupons in the as received condition were cleaned in an ultrasonic cleaner (Branson Inc.). Later, they were washed in distilled water, dried immediately in a hot air blower and stored in desiccators until the start of the experiment.
• Experimental Bacterial Strain: A strain of Pseudomonas sp. isolated from a fresh water corrosive environment was used as the test organism. This bacterium was reported to cause significant pitting corrosion on AISI type 304 SS within a short period of time. 16, 17) • Coupon Exposure Studies: Bacterial culture of 16 h growth in Nutrient broth medium (Difco.) was used as the inoculum. The test coupons were sterilized by keeping them in 70 % ethanol followed by UV irradiations in a sterile laminar flow chamber. Sterile, dried coupons of each stainless steel were exposed in separate experimental flasks containing 150 mL of a dilute Nutrient Broth (NB) medium (0.1 % v/v in microfiltered distilled water with Cl Ϫ concentration of Ͻ0.1 ppm). Duplicate sets of the above materials were used for the experiment. One ml of the inoculum was added into each flask so that the initial bacterial density was around 10 6 cells/mL. The flasks were placed in an incubator shaker with a shaking speed of 90 rpm at 28°C. Sterile medium without bacteria and one set of coupons was kept as control in order to determine the corrosive effect of medium alone on the coupons.
• Coupon Retrieval and Observation: One coupon each was retrieved from each flask after 1, 2, 3 and 6 days of exposure. Upon retrieval, they were rinsed in sterile distilled water to remove the loosely attached cells and were dried inside a laminar flow sterile air chamber. The dried coupons were stained using acridine orange, a nucleic acid fluorescent dye (0.01 % w/v) and were observed under an epifluorescence microscope. The images of the attached bacteria were stored in a computer using a CCD camera. The area of bacterial attachment was determined using image-processing software (Scion Corporation) by taking an average of 20 images per coupon surface taken randomly (five points each from four longitudinal transects). One coupon each in every flask was maintained until 30 days by replacing 75 % of the medium with fresh one once in a week. This coupon was used for scanning electron microscopic (SEM) analysis. The total viable count (TVC) of the medium during each sampling was monitored by standard plating techniques. This was done to make sure that the bacterial density did not fall during the experiment.
• Scanning Electron Microscope (SEM) Observation: One set of coupons after 30 days of exposure was processed for the SEM observation (Hitachi, Japan). Biofilms were fixed by keeping the coupons in gluteraldehyde overnight at 4°C. They were gradually dehydrated using ethyl alcohol, treated with t-butanol, and freeze-dried. Gold palladium coating was done prior to SEM observation. The SEM observation was essentially done to test whether there is initiation of corrosion pits on these coupons.
• Transmission Electron Microscope (TEM) Observation: In order to understand the mechanism of action of silver on these bacteria, those bacteria attached on the surface of silver contained coupons after 3 days of exposure were observed under a TEM (JEOL, Japan). Prefixation was done by 2 % gluteraldehyde in 0.1 mol cacodylate buffer at ice bath. Samples were subjected to post fixation by 2 % Osmium tetroxide after rinsing. Ethanol dehydration was done followed by substitution using propylene oxide and epoxy resin. Embedding was done by incubating into gelatin capsule with epoxy resin at 60°C for 2 days. 70-80 nm ultrathin sections were cut and mounted on copper grids. Samples were stained with 2 % uranyl acetate prior to Table 1 . Chemical composition (mass%) of the silver containing stainless steels used for the present study.
observation. By this way, we could check whether there is any the damage on the cell wall of these bacteria and whether the bacteria have interacted with the metal and concentrated it within their cells leading to mortality.
• Surface Silver Mapping of the Coupons: The silver coated and silver alloyed coupons were surface silver mapped using EPMA (JEOL, Japan). This was done to get a realistic assessment of the distribution of silver on the coupon surface and thus to understand the reasons of variability in the bacterial attachment.
• Free Corrosion Potential Measurement: In another set of experiment, fluctuation of free corrosion potential of coupons of the different materials was monitored for a maximum period of 60 days. The measurement was made intermittently using a potentiostat. The TVC in the medium was monitored twice a week by using plating techniques and about 75 % of the medium was replaced once a week with fresh sterile medium. By this way, the TVC in the experimental medium could be maintained during the period of study.
Field Studies
• Field Tests: The field exposure tests were carried out in a fresh water pond of approximately 500 m 2 area located within the campus of Osaka University. This is a perennial pond with an average depth of 3 m. The pond is fed by intermittent rainfall.
Experimental coupons of size 25ϫ10 mm after cleaning as described earlier were fixed in a coupon fixing assembly and were suspended from a platform at 1 m depth. Just before immersion, the coupons were sterilized using 70 % ethanol. Two coupons each of the materials were retrieved after 1, 2 and 4 weeks of exposure. The retrieved coupons in the immersed condition (in the pond water) were immediately brought back to the laboratory.
Observations
• Total Viable Count of Biofilm Bacteria: The coupons were analyzed for total viable count of bacteria attached on their surfaces by the standard plating techniques using Nutrient agar medium (Difco). Before scrapping the biofilm, the coupons were rinsed in micro-filtered and autoclaved pond water (MAPW) to remove the loosely attached cells. The biofilm and the attached bacterial cells on the coupon surface were removed by scrapping with a sterile nylon brush and MAPW. The scrapped material was mixed thoroughly in a vortex mixer before serially diluting in sterile MAPW and plating on nutrient agar plates.
• Environmental Scanning Electron Microscopic Observation: One set of coupons retrieved after 4 weeks of exposure was observed under an environmental scanning electron microscope (ESEM, Nikon, Japan) for the biofilm growth and initiation of corrosion pits. As a measure of biofilm accumulation on the experimental coupons, the total number of diatoms in the biofilm was counted from 6-8 ESEM images taken randomly. The density of the diatoms was later represented as number/cm 2 of the coupon surface. In addition, the microscopic images from each coupon (6-8 numbers) were also used to estimate the area cover of biofilm on coupons exposed for 4 weeks. A point method, wherein, dots at 1 mm 2 interval were put on a transparent sheet of the size of the images was laid over the images to calculate the area cover of the biofilm. 18) • Total Viable Count of Bacteria in the Water Column and Major Diatom Composition: During each sampling, the pond water was collected for the estimation of TVC and the major microalgal composition.
Results

Laboratory studies
• TVC in the Medium: The fluctuation in the TVC in the bulk medium for the experiments on bacterial adhesion and free corrosion potential measurement was found to be between 10 7 -10 8 cfu/ml. • Bacterial Adhesion: The area of bacterial adhesion on 304SS, 514 and BC showed that silver containing stainless steels restricted bacterial adhesion compared to the normal stainless steel coupons. This was true for the entire period of study, with 514 showing the maximum resistance (minimum area cover) followed by BC and 304SS. After a period of 6 days, the % area cover of bacteria showed values such as 1.3Ϯ0.4, 5.5Ϯ1.2 and 26.4Ϯ3.4 for 514, BC and 304, respectively ( Figs. 1 and 2) . The mean values were significantly different from that of 304SS (t-test, pϽ0.05).
• SEM Observation: 304SS coupons showed highly pitted surfaces by 30 days. By this time, the area of bacterial adhesion also showed an increase. Pits were generally observed in association with the biofilm. Comparatively, the bacterial attachment was very less on BC coupons that showed occasional pits. Bacterial attachment was the lowest in 514 coupons where pits were almost absent (Fig. 3) . Fields without bacterial cells were common on 514 coupons. On BC coupons patches supposed to be the left over by the detached bacteria could be seen. No pit formation could be observed on control coupons.
• TEM Observation: The Transmission electron micrographs of cells of Pseudomonas sp. scrapped off from the surface of silver alloyed stainless steel coupons showed the possibility of cell mortality (Fig. 4) . The silver deposition inside the cells of bacteria could not be quantified during this study. However, black spots inside the cell and periphery, which could not be observed in live cells, indicated the accumulation of silver (Fig. 5) .
• EPMA Analysis: The distribution of silver on the coupons of silver alloyed and silver coated stainless steels is shown in the Fig. 6 . There were differences in distribution of silver on both the above materials.
• Free Corrosion Potential: The variation in free corrosion potential (expressed as mV vs. Ag/AgCl) as a function of exposure time is given in Fig. 7 . The free corrosion potential among the three different types of coupons tested showed significant difference. Initially, all the three types of metals showed a drop in potential. This drop was recorded on the 4th day of exposure. The potential increased thereafter and continued to be above the initial value in the case of both 304 SS and BC coupons. As for 514 coupons, the potential remained without much fluctuation, throughout the study period. 304 SS coupons showed very large potential variation from the initial value, followed by BC. It could be noticed that free corrosion potential variation followed a similar trend as bacterial adhesion. However, after 24 days, a downward trend could be seen in the case of 304SS and BC coupons as well.
Field Studies
TVC of biofilm bacteria: The variation in TVC of biofilm bacteria in the biofilm of different coupons as a function of exposure time is shown in Fig. 8 . A remarkable difference in number of attached bacteria was seen throughout the exposure period. 304 SS coupons showed the highest number of attached bacteria with the silver alloyed (514) following it. The silver coated coupons (BC) showed the least number of bacteria. The increase in number of bacteria as a function of time was prevalent in the case of all the tested coupons but the difference in number between the silver contained and 304 SS was vivid till the termination of the experiment.
• Total Viable Count of Bacteria in the Water Column and Major Diatom Composition: The water column contained a bacterial density of 10 4 to 10 5 cfu/ml during the study period. The major diatom present in the water column included microalgae commonly found in freshwater habitats such as Navicula sp., Nitzschia sp., Acnanthes sp., Amphora sp., and Pinnularia sp..
• ESEM Observation: The Environmental Scanning Electron Microscope images of coupon surfaces after an exposure of four weeks time showed heavy attachment and pitted surfaces on 304 SS coupons, whilst, very low settlement and pits on silver containing coupons were noticed (Fig. 9) . The microfouling community included microalgae commonly found in freshwater habitats such as Navicula sp., Nitzschia sp., Acnanthes sp., Amphora sp., Pinnularia sp. etc. Pits on 304 SS were found adjacent to heavy fouling settlement. Surfaces of silver contained stainless steel coupons showed occasional attachment of algal cells. • Biofilm Area Cover and Diatom Cell Density: The fluctuation of diatom cell density and biofilm area cover is shown in Fig. 10 . Both the cell density and area cover were significantly lower in silver alloyed and coated coupons compared to control 304SS coupons (for all combinations ttest, pϽ0.05). In the field studies, however, no much difference could be obtained between the two types of silver containing stainless steels.
Discussion
Corrosion inhibitors are widely used in industries to reduce the corrosion rate of metals and alloys that are in contact with the aggressive environments. Mitigation methods of MIC so far centered on the use of biocides during water treatment, employment of corrosion inhibitors and/or the system design itself. 19) Lutey 19) emphasized the importance of control of bacterial attachment to prevent MIC. In the case of MIC, among all other types of fouling inhibitors, the one, which inhibits bacterial adhesion, gathers much significance. In addition to the prevention of MIC, the way of reducing bacterial adhesion has additional advantages i.e. preventing infection, providing hygiene and prolonging the shelf life of medical and food industry items. In the present study, silver is used as the antibacterial agent. There are reports on many types of corrosion inhibitors, right from the most common chemicals to a very rare example of natural honey. 20) As known widely, most of the inhibitors are synthetic chemicals, which may be very expensive and hazardous to living organisms. A cheaper and safer material would be a better candidate as an antibacterial agent. The use of elemental silver as an antibacterial agent is nearly as old as civilized mankind itself. Mention of Egyptians using silver urns to store wines, Chinese court men eating with silver chopsticks, soldiers using silver leaf to combat their wounds in World War I etc. are common in literature. 14) Silver is shown to be harmless to human tissues.
15) The candidature of silver as an alloying element to make the stainless steel antibacterial is more than viable as the weldability and mechanical properties remain in tact after alloying. Metallic elements in stainless steels may be difficult to ionize due to the existence of passive film on the stainless steel, which contributes to the corrosion resistance of stainless steel. However it is presumed that little if any passive film forms on metallic particles such as Cu and Ag on the surface of stainless steel. 13) This presumption makes it possible that Cu and Ag can ionize and as a result, Cu and Ag bearing stainless steels have antibacterial property. However, it is probable that the area without passive films corrodes easily. Yokota et al. 13) reported that, Ag bearing stainless steels exhibited better antibacterial property, and the corrosion resistance was as good as Ag free stainless steel. Also the antibacterial activity of Ag ions is several hundred times stronger than that of Cu or Ni tested so far. 13) It has also been demonstrated that Ag ions infiltrate into cell membranes more rapidly than Cu or Ni ions 21 . This makes the amount of Ag required to obtain antibacterial effect to very minimum in comparison with other elements tested so far. Consequently, the area without passive film is limited. For this reason, they claim that there is little effect on the corrosion resistance of stainless steel by Ag addition. They had shown evidence to this aspect by means of polarization curves and cyclic corrosion tests. 13) In the present laboratory study, the total viable count fluctuated between 10 7 and 10 8 cells/mL throughout the experiment thus ensuring the presence of live bacterial cells. A dilute nutrient medium was used in the study to minimize the corrosion effect on test coupons as well as to maintain the bacterial density at 10 7-8 cells/mL. The area of bacterial adhesion on base metal coupons of 304 SS was much higher than those observed on silver alloyed and silver coated stainless steels. Among the silver contained stainless steel coupons the silver alloyed stainless steel showed lower area of adhesion. The restriction of bacterial adhesion is attributed to the antibacterial property of these two alloys. Yokota et al. 13) had done antibacterial tests using these materials against various bacterial strains such as Escherichia coli, Staphylococcus aureus, O-157, MRSA and Salmonella sp. following JIS Z 2801 methodology. These materials showed antibacterial activity against all the bacteria tested. The present coupon exposure experiments showed not much impact on the planktonic form of the bacteria in the experimental container thus showing lesser effect of silver ions on suspended cells rather than the attached ones. This might be due to two reasons, the leaching rate would be minimum or the leached out silver would be making complexes with the medium components thus reducing its toxicity. 22) We could not confirm this. The silver alloyed stainless steel showed lesser area of bacterial adhesion than silver coated stainless steel. As seen from the EPMA images (Fig. 6) , this might be due to the influence of distribution of silver. In silver alloyed sample, the distribution of Ag was uniform and thus affected the bacterial adhesion more efficiently while the silver distribution was not uniform on silver-coated samples thus resulting in a more patchy adhesion than the former.
Experiments on the free corrosion potential showed an initial drop in all the three types of coupons on the 4th day. While the free corrosion potential measured for 304SS and silver coated stainless steel showed an increase over the period of the experiment, silver alloyed coupons showed more or less a constant free corrosion potential. Since all other conditions are similar in case of all the three types of coupons, the ennoblement of free corrosion potential observed in the case of 304SS could be attributed to the bacterial attachment. The trend of ennoblement showed a pattern similar to the area of bacterial adhesion viz. 304 SSϾsilver coatedϾsilver alloyed. Though not as a direct evidence of corrosion, the ennoblement of free corrosion potential observed could be of value considering the anti MIC aspects of the experimental coupons. SEM images revealed a severe pitting attack by Pseudomonas sp. on 304 SS coupons by 30 days. Yagi 16) reported pit formation on 304 SS by the same strain of Pseudomonas sp. Pits associated with biofilm (bacterial colonies) were more pronounced and could thus be linked to bacterial adhesion. As a rule, silver alloyed coupons were devoid of cells in most of the fields and definitely with no pits up to 30 days. Silver-coated coupons showed occasional pits with patches left over by detached bacteria. It is assumed that the cells in contact with the surface died off soon and subsequently sloughed off.
There are different opinions about the mechanisms how silver affects cell death. 23) One of them is that metallic ions like Ag ϩ or Cu 2ϩ infiltrate into the cell membranes of the bacteria where they combine with the SH group of dehydrase which controls the respiration of the bacteria.
21) The present study showed that the bacteria in contact with the surface are the most affected ones than the rest. From this point of view, infiltration of ions to the cell membrane could be playing the major role in cell mortality. It would be possible then for the cells to get attached to the already attached cells and escape from the direct contact with silver. But from our observations it is clear that once the cells in contact are dead, there is a tendency of sloughing off of cells leaving patches behind. TEM observation showed significant damage to the bacterial cells especially attack on the cell wall. Though the concentration of silver inside the cells could not be quantified analytically, sites resembling metal deposition were observed over the cell periphery and inside the cell.
Thus, laboratory simulation studies using single strains of bacteria have demonstrated that the silver contained stainless steels were antibacterial and MIC resistant. These materials could resist attachment of microalgae and bacteria in a freshwater environment as well. The results suggest that the silver contained stainless steels resist microfouling build up on exposure to a freshwater environment. Total viable count of bacteria and the algal build up on the silver contained stainless steel surfaces were significantly lesser compared to 304 stainless steel (Fig. 8, 9 ). Hence these materials could also be considered as candidate antifouling materials in freshwater environments, where, microalgal build up is a persisting problem. However, studies on longer exposure duration are needed to confirm the efficacy to abate bacterial attachment and/or microfouling build-up on a long run.
Conclusions
(1) Silver alloyed and silver coated stainless steels showed strong antibacterial property. The area of bacterial adhesion on them was significantly lower than that on the control material, AISI type 304 stainless steel.
(2) The control material showed maximum ennoblement of free corrosion potential whilst the silver alloyed showed the minimum and the silver coated stainless steel maintained an intermediate position. This observation points towards the effect of bacterial adhesion on the corrosion potential ennoblement.
(3) SEM observation showed severe pitting on control coupons, whereas lesser pitting was noticed on silver coated coupon and the silver alloyed coupons showed minimum pitting after an exposure time of 30 days.
(4) TEM observation of bacterial cells from the silver containing surfaces showed a damaged appearance revealing cell mortality. (5) On exposure to freshwater environment, silver containing stainless steels resisted bacterial as well as microalgal attachment up to 30 days.
(6) The antibacterial property of the test materials reduced attachment of bacteria and microalgae and in turn showed MIC resistance, while retaining metallurgical properties in par with AISI type 304 stainless steel. Thus, these test materials could be considered as candidate antibacterial metals and could be used as biomaterials or hospital and kitchen appliances and equipments for old age homes.
